The evidence regarding BMAA occurrence in the Baltic Sea is contradictory, with benthic 12 sources appearing to be more important than pelagic ones. The latter is counterintuitive 13 considering that pelagic primary producers, such as diatoms, dinoflagellates, and 14 cyanobacteria, are the only plausible source of this compound in the food webs. To elucidate 15 BMAA distribution in trophic pathways, we analyzed BMAA in the pelagic and benthic food 16 webs sampled in summer 2010 in the Northern Baltic Proper. As potential BMAA sources, 17 phytoplankton communities in early and late summer were used. As pelagic consumers, 18 zooplankton, mysids and zooplanktivorous fish (herring) were used, whereas benthic 19 invertebrates (amphipods, priapulids, polychaetes, and clams) and benthivorous fish (perch 20 and flounder) represented the benthic food chain. To establish the trophic structure of the 21 system, the stable isotope (δ 13 C and δ 15 N) composition of its components was determined.
Introduction 36
In the late 1960s, the increased incidence of amyotrophic lateral sclerosis-parkinsonism-37 dementia complex (ALS-PDC) among native Chamorro population (Guam, Micronesia) was 38 linked to β-N-methylamino-L-alanine (BMAA), a naturally produced non-proteinaceous and the recovered animals were frozen and stored at -20 °C until analyses (Table 1) . 138 The pelagic samples (phytoplankton, zooplankton, and mysids) were collected in the sampling occasions, and the community composition was assumed to represent that in our 149 samples analyzed for BMAA. Zooplankton were collected by vertical tows in the upper 30 m 150 using a 90-µm WP-2 net (diameter 57 cm). Species that dominated, the copepods (Acartia 151 spp. and Eurytemora affinis) and the cladocerans (Bosmina coregoni maritima), were picked 152 under a stereomicroscope to avoid contamination with phytoplankton and frozen in bulk. The 153 rest of the single-tow sample was preserved in 4% borax buffered formaldehyde for species 154 identification and community analysis. Mysids (Mysis mixta and N. integer) were collected in 155 the upper 100 m using either a 500-or a 200-µm WP-2 net (diameter 57 cm), length-156 measured, and frozen individually in Eppendorf tubes (Table 1) . 7 (Aarnio et al., 1996) and the Eurasian perch Perca fluviatilis (Mustamäki et al., 2014) ; these 161 were sampled in Kvädöfjärden (58.0497° N, 16.7831° E). As a fish with pelagic feeding, we 162 used the Baltic herring Clupea harengus (Casini et al., 2004) sampled in the Landsort Deep.
163
All fish was length-measured, the epidermis and subcutaneous fatty tissue are carefully 164 removed, and muscle tissues were taken from the middle dorsal muscle layer for BMAA and 165 stable isotope measurements (Table 1) .
167
Positive controls 168 Two positive controls were used: (1) a blue mussel (Mytilus edulis; Bivalvia) sample that 169 tested positively in the previous study (Jiang et al., 2014b) and (2) cyanobacterium Nodularia 170 spumigena (strain AV1) grown axenically in culture and harvested at exponential and 171 stationary growth phases. The cyanobacterium was grown in a modified Z8 nutrient solution 172 in 16:8 h light:dark regime (40 µE cm -2 s -1 ) at 20-21 °C with constant shaking and harvested 173 when cell density reached approximately 5 × 10 6 cell/mL (3-5 days) and 10 9 cell/mL (9-10 174 days) for the exponential and stationary phase samples, respectively; three replicates for each 175 group were obtained. Samples for the UPCL-MS/MS analysis of BMAA were prepared according to Jiang and co-179 workers (Jiang et al., 2013; 2014) , with some modifications. The sample material was 180 homogenized with a mortar and pestle with the addition of liquid nitrogen. A weighed 181 subsample of the homogenate (20 to 50 mg; Mettler Toledo XP6; +/-0.001 mg) was mixed 182 with 600 µL of water and subjected to ultrasound treatment with Vibra CellTM, Sonics & 183 Materials Inc. Danbury CT, USA (3 min, 1 second on/off pause, 70% amplification) in an 184 ice-water bath. An aliquot corresponding to 10-mg of the homogenate was transferred to a 185 glass hydrolysis vial together with 10 µL of deuterated BMAA standard, water, and 6M HCl, The hydrolyzed samples were filtered in a centrifuge using spin filters (0.2 µm, Thermo 188 Scientific, USA) and subjected to a two-step clean-up: (1) liquid-liquid extraction with 189 8 chloroform to remove lipids and other hydrophobic compounds, and (2) solid phase 190 extraction (SPE) with Isolute HCX-3 column (Biotage Sweden AB) using 1 mL of 0.1% 191 formic acid in water and 1 mL of methanol for column conditioning followed by sample 192 application and washing by 1 mL of methanol and 1 mL of 0.1% formic acid in water. For 193 elution (two rounds), 0.8 mL of 2% NH4OH in methanol were used. Method performance was evaluated using spiked samples prepared with dried and pulverized 218 cod muscle (negative control); the latter contained no BMAA as shown in previous studies 219 (Faassen et al., 2012; Jiang et al., 2014b) . The lowest concentration spiked was 0.05 ng/10 220 mg tissue wet weight, and this amount was detected S/N>10. Also, a calibration curve for the 221 9 range of concentrations between 0.1-10 ng BMAA on column showed excellent linearity.
222
Limit of detection (LOD) and limit of quantification (LOQ) were estimated to be below 0.01 223 mg BMAA/g wet weight by analyzing spiked samples of crayfish muscle tissue. The 224 accuracy and precision of the method were evaluated with the quality control samples at 225 different BMAA concentrations and were determined to be 108-119% and <15% RSD, invertebrates or fish species were found to contain BMAA. Moreover, no measurable BMAA 251 10 levels were detected in the sediment. Given that the analytical performance was adequate, 252 and both positive controls, i.e., the blue mussel and the cyanobacterium, tested positive, we 253 conclude that all samples that tested negative contained no measurable levels of this 254 compound.
255
The blue mussel positive control yielded 3.1 µg g -1 wet weight, which is similar to the 256 previously obtained BMAA concentration in that sample (Jiang et al., 2014b) . In the 257 Nodularia spumigena harvested at the exponential and stationary phase, the BMAA 258 concentration (mean ± SD, n = 3) was 0.98 ± 0.06 and 0.13 ± 0.02 µg g -1 wet weight, were approximately 8-fold higher during the exponential growth compared to the aging 263 culture.
264
The BMAA concentrations measured in seston and zooplankton varied from 0.83 to 1.13 µg 265 g -1 wet weight, which corresponds to approximately 7.5-9.5 µg g -1 dry weight using common clean-up procedure might be as low as <10% (Faassen et al., 2016) . Therefore, the addition of 283 an internal standard before the clean-up is required to control for the losses during the sample 284 work-up.
285
Only a single phytoplankton sample was found to contain BMAA, and the concentration 286 measured was within the BMAA levels reported in studies that are considered as truly 287 reliable with regard to the quality assurance and the protocols involved (Lance et al., 2018) .
288
The phytoplankton samples were taken during two periods: (1) past the spring bloom 289 comprised by diatoms and then dinoflagellates but before the onset of the summer 290 cyanobacteria bloom (June), and (2) after the cyanobacteria bloom collapse (August; Fig.   291 3A). Both spring and summer blooms were of average magnitude and duration in relation to 292 the multiyear variability (Klais et al., 2011; Wasmund, 1997) and similar between the coastal 293 and open sea areas (Fig. 3) . However, only one phytoplankton sample taken in the mid-June 294 contained BMAA (Fig. 4A, Fig. 5 ). The phytoplankton community composition at the time of 295 sampling was typical for this area and the time of year, with biomass composed of ~40% of 296 haptophytes, 23% of ciliates, 16% cyanobacteria, 15% dinoflagellates, the rest being a 297 mixture of summer species (Fig. 4A ). Thus, there was a high contribution of bacterivores 298 (ciliates and haptophytes, 64% together) to the community. The August samples that did not It is also possible that heterotrophic protists can accumulate BMAA and contribute to its bulk 309 concentration in seston. It has been suggested that picocyanobacteria, such as Synechococcus, 310 can contribute substantially to BMAA production and transfer to primary consumers 311 (Masseret et al., 2013) . In the Baltic microbial loop, the bacterivorous taxa (ciliates and 312 mixotrophic phytoplankton) feeding on picocyanobacteria would then have a high capacity to 313 accumulate BMAA and transfer it further to the primary consumers, such as zooplankton 314 (Motwani and Gorokhova, 2013) . Our findings support this pathway, because the high 315 contribution of bacterivores coincided with the presence of BMAA in the seston sample, 316 whereas neither absolute nor relative amount of filamentous cyanobacteria contributed to the 317 BMAA levels (Fig. 4A ). Analyzing more samples with different community structure and 318 linking BMAA levels to the community composition in the microbial loop would be one way 319 to identify the main BMAA producers and consumers in these communities. Another 320 approach would be to use culture-based studies with species that were putatively identified as 321 the BMAA producers in the field.
322
Zooplankton and mysid samples were found to contain BMAA, both before and after the 323 cyanobacterial bloom, despite the lack of BMAA in the phytoplankton sampled in August 324 (Fig. 5) . The composition of zooplankton communities differed substantially between the 325 sampling occasions, with cladocerans comprising >60% of the total zooplankton biomass in 326 June and copepods dominating (>70%) in August (data not shown). Moreover, BMAA levels 327 in mysids differed between the species, being 50-70% higher in M. mixta than in N. integer.
328
The difference could be related to the more herbivorous diet of N. integer and more 329 zooplanktivorous feeding of M. mixta (Rudstam et al., 1989) . In line with this, the δ 15 N 330 values were 1.5‰ lower in N. integer compared to M. mixta (Fig. 6A) , indicating more 331 herbivorous diet. Therefore, the stepwise increase in BMAA from phytoplankton to M. mixta 332 (Fig. 5 ) could be indicative of biomagnification, albeit more data are needed to substantiate 333 this suggestion.
334
It has been repeatedly stressed that when collecting material for bioaccumulation studies, it is 335 essential to use an adequate temporal and spatial resolution and to ensure the pathway 336 identification and trophic relatedness of the ecosystem components (Walters et al., 2016) . To 337 confirm the trophic relationships between the organisms involved in the bioaccumulation 338 assessment, a stable isotope approach has been commonly used (Cabana and Rasmussen, 339 1994). We applied SIA to confirm the trophic linkages for the consumers, particularly the fish 340 species with a non-sedentary behavior. The SIA data (Fig. 6 ) confirmed that all animals 341 analyzed for BMAA were occupying the trophic positions as expected (based on their δ 15 N 342 values) and belonged to the same food web (δ 13 C values). In particular, the isotopic 343 signatures supported the assumption that herring collected in the area where zooplankton and 344 mysids were collected was indeed relying on these prey (Fig. 2) ; however, we found no 345 evidence of the BMAA presence in the fish. As no BMAA was found in the sediment and 346 benthic invertebrates (four species), it is not particularly surprising that all benthic fish that 347 were analyzed (two species) were negative. 348 The current view that in the food webs BMAA may be transferred from producers to 349 zooplankton and other filter-feeders, such as bivalves, and bioaccumulated in fish feeding on 350 these invertebrates is based only on a limited data. In particular, these patterns have been 
364
Although the bioaccumulation/biomagnification of BMAA has been broadly assumed, the in 365 situ evidence using material collected in a systematic way is still limited. Our findings 366 indicate that ubiquitous transfer of BMAA to the top consumers in the food webs of the 367 Baltic Sea and, possibly, other systems, is questionable. It also implies that invertebrates and 368 fish associated with benthic food sources in this system are less likely to accumulate BMAA 369 compared to the pelagic food chain. However, some tissue effects on BMAA accumulation 370 may occur resulting in higher values in, for example, protein-rich tissues/organisms. In line 371 with this, results from the most reliable studies show that marine bivalves are to date the 372 matrix containing the highest amount of BMAA, far more than most fish muscles, but with an 373 exception for shark cartilage (Lance et al., 2018) . Therefore, to understand BMAA 374 bioaccumulation, the concentrations on the protein basis might need to be used. 375 Our findings suggest that BMAA levels in the Baltic food webs are much below the 376 suggested risk level considering effect concentrations reported for invertebrates (Esterhuizen-377 species, both zooplanktivorous and benthivorous, tested negative, which implies a low risk 379 for the top consumers, such as seal, birds, and humans. However, our sampling was limited to 380 a few occasions in the summer and a relatively small geographic area, whereas it is possible 381 that BMAA levels vary depending on environmental conditions and ecological responses of 382 its producers. Therefore, to understand the magnitude of this variability, it is important to 383 conduct a systematic sampling throughout a year and in different parts of the Baltic Sea.
384
Sensitive and validated analytical methods should be used to ensure that the obtained results 385 are consistent. Quality control samples must be included in the surveys to evaluate the 386 performance of the methods, particularly the analyte recovery and accuracy of the results.
387
Finally, more controlled experiments and field observations are needed to understand the 388 trophic transfer and possible transformation of BMAA in various environmental settings. 389  Table S1 . Summary of samples used for BMAA analysis and SIA and collection methods. Organism size for the benthic invertebrates and mysids was determined as the average dry mass per individual in the SIA samples and the number of individuals used to prepare these samples, and for the fish, it is the total body length. For BMAA, on each sampling occasion, 2-3 replicate samples for invertebrates and 3 replicates for fish were analyzed; at least two technical replicates were used. 
